OBJECTIVES The aim of this study was to investigate whether noninvasive discrimination of chronic total occlusion (CTO), a complete interruption of coronary artery flow, and subtotal occlusion (STO), a functional total occlusion, is feasible using coronary computed tomography angiography (CTA).
C hronic total occlusion (CTO), a complete interruption of coronary arterial flow caused by plaque obstructing arterial lumen, is not uncommon and is found in 18% to 31% of invasive coronary angiography (CAG) cases (1, 2) . CTO is known to be frequently accompanied by microchannels smaller than the spatial resolution of angiography, which corresponds to less than complete luminal occlusion histologically (3) . Therefore, CTO and subtotal occlusion (STO), which is a "functional" total occlusion or a slow contrast penetration through the occluded segment, are not distinguished strictly in clinical practice (4) (5) (6) .
Discrimination of CTO from STO before cardiac catheterization is of clinical value because percutaneous coronary intervention (PCI) is attempted less frequently for CTO lesions and has a higher rate of unsuccessful procedures and late restenosis compared with non-CTO lesions (7, 8) . However, noninvasive discrimination of CTO from STO remains a challenge, because both show complete interruption of contrast-enhanced arterial lumen in anatomical imaging tests and myocardial ischemia in functional imaging tests (9) (10) (11) .
The pathogenesis of CTO is presumed to be thrombotic occlusion in the context of nonfatal myocardial infarction (MI) followed by progression of organized thrombus filling up to the ostium of side branches. Organized thrombus is replaced by collagen-rich fibrous tissue or calcification. Collateral vessel develops to supply myocardium subtended by occluded vessels (12) (13) (14) . The angiographic characteristics of CTO would be summarized by the long totally occluded segment between adjacent side branches, blunt proximal stump, and collateral vessels flowing into the distal segment or side branches ( Figure 1 ).
We reasoned that these anatomical and physiological findings can be identified by coronary computed tomography angiography (CTA), a noninvasive modality that enables investigation of both the arterial lumen and the obstructive plaque. It would be helpful to the decision of the revascularization strategy and the prediction of PCI procedural success. We investigated anatomical and physiological findings in the coronary CTA of patients with totally occluded coronary arteries and compared it with the invasive CAG and the result of PCI. the study cohort ( Figure 2 ). Our prior studies enrolled 
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reflect the kinetics of intraluminal flow and collateral circulation, respectively, were assessed as described previously (15, (17) (18) (19) (20) . TAG (HU/10 mm) was defined by the linear regression coefficient between intraluminal radiological attenuations and vessel length from the ostium to distal vessel (TAG all ) or distal to occlusion (TAG distal ). 
A U G U S T 1 7 , 2 0 1 5 : 1 1 4 3 -5 3 CORONARY CTA. There was more right coronary artery occlusion in CTO compared with STO (46% vs. 32%; p ¼ 0.003). CTO showed longer occlusion length, large proximal reference luminal area, and larger vessel area in occluded segment compared with STO (p < 0.005, all). CTO also showed more side branches, blunt stump, calcifications, and noninvasively visualized collateral vessels compared with STO (p < 0.005, all). Both TAG all and TAG distal were higher in CTO compared with STO (p < 0.01, all) ( Table 2) .
Representative cases are shown in Figure 3 . PCI was attempted less frequently (57% vs. 76%) with much lower procedural success rate (75% vs. 95%) in CTO compared with STO (p < 0.001), which was mostly driven by inability to perform wire passage. Coronary perforation had developed only in the PCI for CTO ( Table 3) .
PREDICTION OF THE PRESENCE OF CTO AND THE
PROCEDURAL SUCCESS OF PCI. The predictive performance of each coronary CTA finding for the presence of CTO by CAG was moderate (c-statistics ¼ 0.55 to 0.74) ( Table 4 ). A predictive model using the combination of optimal cutoff values of coronary CTA findings, including occlusion length $15 mm, Discrimination of CTO From STO by CT side branches, blunt stump, visualized collateral vessel, cross-sectional calcification $50%, and TAG distal $À0.9 HU/10 mm, showed much higher discriminative performance compared with the other predictive models on the basis of single CTA findings:
c-statistics ¼ 0.88 (95% CI: 0.85 to 0.90) sensitivity 85% (95% CI: 78% to 90%); specificity 75% (95% CI: 71% to 80%); positive predictive value (PPV), 55% (95% CI: 48% to 61%); negative predictive value (NPV), 93% (95% CI: 90% to 96%); p < 0.001. This model could also predict the unsuccessful PCI procedural result better than single CTA findings:
c-statistics ¼ 0.70 (95% CI: 0.65 to 0.75); sensitivity 63% (95% CI: 57% to 69%); specificity 83% (95% CI: 60% to 83%); PPV 91% (95% CI: 86% to 95%); NPV 31% (95% CI: 24% to 39%); p < 0.005 (Figure 4) .
The c-statistics of the Bootstrap-refined model were 0.88 (95% CI: 0.85 to 0.91) and 0.70 (95% CI: 0.63 to 0.77), respectively.
DISCUSSION
In our study, comprehensive assessment of anatomical and physiological findings in coronary CTA could discern CTO from STO. These findings could also predict the result of PCI.
The success rate of PCI is >95% for non-CTO, whereas it is still 70% to 80% for CTO despite the introduction of novel techniques and new devices (25) . The most common cause of PCI failure is the inability to pass a guidewire through the occluded segment. Hence, the most reasonable approach might be the selection of appropriate cases in which procedural success is highly expected (5) . Besides unsuccessful PCI, intraprocedural complications and the need for specialized devices are also more common in CTO compared with STO. Therefore, noninvasive discrimination of CTO from STO may be useful for deciding upon a revascularization strategy or estimating the procedural difficulty.
Two prior studies attempted computed tomographybased discrimination of CTO from STO (9, 21) . In both studies, occlusion length was highly specific, but the specificity of reverse attenuation gradient was not consistent. Our prior study has shown that reverse attenuation gradient corresponds to TAG distal >0, depends on the direction and extent of collateral flow, and is moderately specific (15) . Our results were derived from a much larger study of 553 vessels, and are determined on the basis of both anatomical and physiological findings. Importantly, our results were validated with the attempt of a guidewire passage through the occlusion, which may be the best method of discriminating CTO from STO. CTO with minimal contrast penetration through the occluded segment has been frequently referred as "functional" total occlusion and has been regarded as CTO (4-6).
Based on our results, the current definition of CTO might be redefined by CTA.
Significant coronary calcification has been shown
to be a predictor of successful CTO PCI. In our study, the calcification did not affect the procedural result, which is similar to our prior study (16) . This finding is partially explained by the poor performance of CTA for discrimination of hard fibrous tissue from calcified tissue, which shows distinct HU values but blocks guidewire advancement, or for detection of small calcification (13, 26) . Choi et al. Values are median (first to third quartile) unless otherwise indicated. *p < 0.001. †p < 0.005 between predicted probability and the other predictors by pairwise comparison. Tables 1 to 3 .
Abbreviations as in
FIGURE 4 Comparison of Coronary CTA Findings for Prediction of CTO or Unsuccessful PCI Procedure
A predictive model combining occlusion length $15 mm, side branches, blunt stump, noninvasively visualized collateral vessel, cross-sectional calcification $50%, and TAG distal $À0.9 HU/10 mm was superior to single CTA findings for discrimination of CTO from STO and unsuccessful PCI. *p < 0.05 between predicted probability and the other predictors by pairwise comparison. Abbreviations as in Figure 1 and 3 . PCI was not attempted in all patients, which may be linked to selection bias or measures of outcome bias.
Interpretation of small branches, calcification, interruption of vessel lumen, or distal intravascular attenuation may be affected by the spatial resolution of CTA and the extent of intraluminal opacification (27) . Although TAG has been successfully studied from CTA with multiple cardiac cycles, the lack of temporal uniformity might affect the result of TAG (17) . CTA showed high NPV (93%) but moderate PPV (55%) for the presence of CTO, which suggests that CTA may overestimate the complexity of occluded lesion. Our study is based on the presumed pathogenesis of CTO, a progression of organized thrombus and collagen tissues filling up to the ostium of side branches accompanied by collateral vessels supplying subtended myocardium, but does not explain or provide the pathogenesis of STO, which has not been investigated sufficiently (28) .
CONCLUSIONS
Noninvasive coronary CTA could discern CTO from STO and could also predict unsuccessful PCI. Our results would be helpful for the evaluation of patients with totally occluded coronary arteries and guidance of revascularization strategy. 
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